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Jet-dilepton conversion from an anisotropic quark-gluon plasma
Arghya Mukherjee,∗ Mahatsab Mandal,† and Pradip Roy‡
Saha Institute of Nuclear Physics, 1/AF Bidhannagar Kolkata - 700064, India
We calculate the yield of lepton pair production from jet-plasma interaction where the plasma is
anisotropic in momentum space. We compare both the M and pT distributions from such process
with the Drell-Yan contribution. It is observed that the invariant mass distribution of lepton pair
from such process dominate over the Drell-Yan up to 3 GeV at RHIC and up to 10 GeV at LHC.
Moreover, it is found that the contribution from anistropic quark gluon plasma (AQGP) increases
marginally compared to the isotropic QGP. In case of pT -distribution we observe an increase by
a factor of 3 − 4 in the entire pT -range at RHIC for AQGP. However, at LHC the change in the
pT -distribution is marginal as compared to the isotropic case.
PACS numbers: 12.38.Mh, 25.75.q
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I. INTRODUCTION
The primary goal of heavy-ion collisions at Relativistic Heavy Ion Collider (RHIC) at BNL and Large Hadron
Collider (LHC) at CERN is to establish the existence of a transient phase consisting of quarks, anti-quarks and gluons
known as Quark Gluon Plasma (QGP). Since such a phase lasts for a few fm/c, it is impossible to observe it directly.
Thus, various indirect probes have been proposed in the literature [1–12]. Electromagnetic probes is one of them.
The advantage of such probe is that once these are produced they can escape the interaction zone without much
distortion in their energy and momentum. They, thus carry the information of the collision dynamics very effectively.
Photons and dileptons are produced throughout the evaluation process of the collisions. In the low and intermediate
mass region, lepton pair are produced from the qq¯ → l+l− process (thermal) and from various hadronic reactions
and decay. In the high mass region, there is the contribution from Drell-Yan process, which can be calculated from
pQCD. Another important contribution in this invariant mass region is the jet-dilepton conversion in the QGP. Several
authors [13–16] have estimated this contribution where a jet quark (anti-quark) interact with a thermal anti-quark
(quark) to produce a large mass lepton pair. It is to be noted that before annihilation of a q (q¯) jet with a thermal
q¯ (q), the q (q¯) jet may lose energy. Such possibility has also been considered in Refs [14–16]. It has been observed in
all those calculation that the magnitude of this mechanism is order of magnitude larger than the thermal processes
and is of the same order of the Drell-Yan processes [17]. It is to be noted that in all those calculations an isotropic
plasma has been assumed to be formed. But the most difficult problem lies in the determination of isotropization
and thermalization time scales (τiso and τtherm ) of the QGP. Studies on elliptic flow (upto about pT ∼ 1.52 GeV)
using ideal hydrodynamics indicate that the matter produced in such collisions becomes isotropic with τiso ∼ 0.6
fm/c [18]. On the contrary, perturbative estimates yield much slower thermalization of QGP [19–21]. However, recent
hydrodynamical studies [22] have shown that due to the poor knowledge of the initial conditions, there is a sizable
amount of uncertainty in the estimation of thermalization or isotropization time. The other uncertain parameters are
the transition temperature Tc, the spatial profile, and the effects of flow. Thus it is necessary to find suitable probes
which are sensitive to these parameters. As mentioned earlier electromagnetic probes have long been considered to
be one of the most promising tools to characterize the initial state of the collisions [6–10]. Dileptons (photon as well)
can be one such observables. In the early stages of heavy ion collisions, due to the rapid longitudinal expansion the
plasma after formation in isotropic phase, may become anisotropic [23–31]. As a result the momentum distribution of
the plasma particles become anisotropic in momentum space. The author in Ref [32] have calculated the ”medium”
dilepton yield for various isotropization times and compared it with Drell-Yan and jet-thermal processes. It is shown
that the effect of the anisotropy cannot be neglected while calculating M− distribution and pT− distribution. In fact
in certain kinematic region this contribution is comparable to Drell-Yan as well as jet-thermal process. Jet-photon
conversion in the AQGP has been calculated in Ref [33] with pT up to 14 GeV to extract the isotropization time.
Also in intermediate and low pT the photon transverse momentum distribution has been calculated to infer about
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2the isotropization time scale [34]. It is to be noted that the extracted values of τiso from the above two cases are
consistent. To the best of our knowledge, the contribution of the jet-dilepton conversion in AQGP has not been done
so far. It is, thus, our purpose to estimate the dilepton yield from jet-plasma interaction in the present work. To keep
the things simple in this work, we shall not include the energy loss of the jet in the AQGP.
It should be noted that in absence of any precise knowledge about the dynamics at early time of the collision,
one can introduce phenomenological models to describe the evolution of the pre-equilibrium phase. In this work,
we will use one such model, proposed in Ref. [32, 35, 36], for the time dependence of the anisotropy parameter,
ξ(τ), and hard momentum scale, phard(τ). This model introduces four parameters to parameterize the ignorance of
pre-equilibrium dynamics: the parton formation time (τi), the isotropization time (τiso ), which is the time when the
system starts to undergo ideal hydrodynamical expansion and γ sets the sharpness of the transition to hydrodynamical
behavior. The fourth parameter δ is introduced to characterize the nature of pre-equilibrium anisotropy i.e. whether
the pre-equilibrium phase is non-interacting or collisionally broadened.
The plane of the paper is the following. In the next section we describe the formalism of jet-conversion dilepton
production in AQGP. Jet-production and Drell-Yan process will be discussed in section III. We present a brief
discussion on space-time evolution of AQGP in section IV. Section V will be devoted to present the results. Finally,
we summarize in section VI.
II. FORMALISM
According to the relativistic kinetic theory, the dilepton production rate at leading order in the coupling α, is given
by [10, 37, 38]:
dRl
+l−
d4P
=
∫
d3p1
(2π)3
d3p2
(2π)3
fq/q¯(p1)fjet(p2) v12 σ
l+l−
qq¯ δ
(4)(P − p1 − p2) (1)
where fjet and fq/q¯ are the phase space distribution of the jet quarks/anti-quarks and medium quarks/anti-quarks
respectively. The total cross section of the qq¯ → l+l− interaction is given by
σl
+l−
qq¯ =
4π
3
α2
M2
NcNs(1 +
2m2l
M2
)(1− 4m
2
l
M2
)1/2
∑
q
e2q, (2)
where Nc and Ns are the color factor and spin factor, respectively. ml is the mass of lepton and M is the invarient
mass of the lepton pair which is much greater than the dilepton mass. So we can easily ignore the lepton mass and we
find σl
+l−
qq¯ =
4piα2
3M2 NcNs
∑
q e
2
q. We also assume that the distribution function of quarks and anti-quarks is the same.
v12 is the relative velocity between the jet quark and medium quark/anti-quark:
v12 =
(p1 + p2)
2
2E1E2
. (3)
In this work we consider the medium is anisotropic in momentum space so that the anisotropic distribution function
can be obtained from an arbitrary isotropic distribution by squeezing or stretching along the preferred direction in
the momentum space [24]:
fq/q¯(p, ξ, phard) = fq/q¯(
√
p2 + ξ(τ)(p.nˆ)2, phard(τ)), (4)
where nˆ is the direction of anisotropy, phard(τ) is a time-dependent hard momentum scale and ξ(τ) is a time-dependent
parameter reflecting the strength of the momentum anisotropy. In isotropic case, where ξ = 0, phard can be recognized
with the plasma temperature T .
The phase space distribution function for a jet, assuming the constant transverse density of the nucleus is given
by [14, 39]:
fjet(p) =
(2π)3
gq
P(|~ωr|)√
τ2i − z20
1
pT
dNjet
d2pTdy
δ(z0) (5)
where gq = 2 × 3 is the spin and color degeneracy factor, τi ∼ 1/pT is the formation time of the quark or anti-quark
jet, and z0 is its position in the QGP expansion direction. P(|~ωr|) is the initial jet production probability distribution
3at the radial position ~ωr in the plane z0, where
|~ωr| = [~r − (τ − τi) ~p|~p| ].~r
=
√
(r cosφ− τ)2 + r2 sin2 φ for τi ∼ 0 (6)
and φ is the angle in the plane z0 between the direction of the virtual photon and the position where this virtual
photon has been produced.
Eq. (1) can be written as
dRl
+l−
d4P
=
5α2
72π5
∫
d3p1
Ep1
d3p2
Ep2
fq/q¯(p1, ξ, phard)fjet(p2)δ
(4)(P − p1 − p2)
=
5α2
72π5
∫
d3p1
Ep1Ep1
fq/q¯(p1, ξ, phard)fjet(p− p1)δ(E − Ep1 − Ep2)
∣∣∣∣∣
p2=P−p2
(7)
If we choose
p1 = p1(sin θp1 cosφp1 , sin θp1 sinφp1 , cos θp1),
P = P (sin θP cosφP , sin θP sinφP , cos θP ) (8)
and anisotropy vector nˆ along the z direction, the δ function can be expressed as
δ(E − Ep1 − Ep2) = 2(E − p1)χ−1Θ(χ)
2∑
i
δ(φi − φp1 ), (9)
with χ =
[
4P 2p21 sin
2 θP sin
2 θp1 − [2p1(E − P cos θP cos θp1) − M2]2
]
> 0 and the angle φi can be found by the
solutions to the following equation:
cos(φi − φp1) =
2p1(E − P cos θP cos θp1)−M2
2Pp1 sin θP sin θp1
(10)
Eq. (7) can now be written as
dRl
+l−
d4P
=
5α2
18π5
∫ +1
−1
d(cos θp1)
∫ a−
a+
dp1√
χ
p1fq/q¯(
√
p21(1 + ξ cos
2 θp1), phard)fjet(p− p1) (11)
with
a± =
M2
2[E − P cos(θP ± θp1)]
(12)
Now, the dilepton production rate R is defined as the total number of lepton pair emitted from the 4-dimensional
space-time element d4x = τ dτ dη d2x⊥ with R = dN/d4x. Here, τ =
√
t2 − z2 is the longitudinal proper time,
η = tanh−1(z/t) is the space-time rapidity, and x⊥ is a two-vector containing the transverse coordinates.
The total dilepton spectrum is given by a full space-time integration:
dN l
+l−
dM2dy
=
∫ pmaxT
pmin
T
d2pT
∫ τf
τi
τdτ
∫ R⊥
0
rdr
∫ pi
0
dφ
∫ +∞
−∞
dη
dRl
+l−
d4P
(E = mT cosh(y − η)), (13)
dN l
+l−
d2pT dy
=
∫ Mmax
Mmin
dM2
∫ τf
τi
τdτ
∫ R⊥
0
rdr
∫ pi
0
dφ
∫ +∞
−∞
dη
dRl
+l−
d4P
(E = mT cosh(y − η)), (14)
where R⊥ = 1.2[< Npart > /2]1/3 is the transverse dimension of the system amd mT is the transverse mass of the pair.
We have assumed that the plasma is formed at time τi and it undergoes a phase transition at transition temperature
4(Tc) which begins at the time τf . τf is obtained by using the condition phard(τ = τf ) = Tc. The energy of the dilepton
pair in the fluid rest has to be understood as E = mT cosh(y − η). Now the φ integration can be done as follows:
∫ pi
0
dφP(|~ωr|) =


0, r2 + τ2 − 2τr > R2⊥
4
R2
⊥
(1 − r2+τ2
R2
⊥
), r2 + τ2 + 2τr < R2⊥
4u0
piR2
⊥
(1 − r2+τ2
R2
⊥
) + 8τr
piR4
⊥
sin(u0) otherwise,
(15)
where
u0 = arccos(
r2 + τ2 −R2⊥
2τr
). (16)
III. JETS PRODUCTION AND DRELL-YAN PROCESS
The differential cross-section for the jet production in hadron-hadron collision (A+B → jets +X) can be written
as [40]
dσjet
d2pTdy
= K
∑
a,b
∫ 1
xmina
dxaGa/A(xa, Q
2)Gb/B(xb, Q
2)
xaxb
xa − pT√sey
1
π
dσˆab→cd
dtˆ
(17)
where
√
s is the total energy in the center-of-mass and xa (xb) is the momentum fraction of the parton a (b) of the
nucleon A (B). Ga/A (Gb/B) is the parton distribution function (PDF) of the incoming parton a (b) in the incident
hadron A (B). K factor is used to account the next-to-leading (NLO) order effect. The minimum value of xa is
xmina =
pT e
y
√
s− pT e−y . (18)
The value of the momentum fraction xb can be written as
xb =
xapT e
−y
xa
√
s− pT ey . (19)
dσˆab→cd
dtˆ
is the cross section of parton collision at leading order. These process are: qq → qq, qq¯ → qq¯, qq¯ → q′q¯′,
qq′ → qq′, qq¯′ → qq¯′, qg → qg, and gg → qq¯. The yield for producing jets in the heavy-ion collision is given by
dNjet
d2pTdy
= TAA
dσjet
d2pTdy
∣∣∣∣∣
y=0
(20)
where TAA = 9A
2/8πR2⊥ is the nuclear thickness function for zero impact parameter [39]. The pT distribution of the
jet quarks in the central rapidity region (y = 0) was computed in [13] and parameterized as
dNjet
d2pTdy
∣∣∣∣∣
y=0
= K
a
(1 + pTb )
c
. (21)
Numerical values for the parameters a, b and c are listed in Ref.[13].
The cross-section for the Drell-Yan process (LO) is given by [41]
dNDY
dM2dy
= TAAKDY
4πα
9M4
∑
q
e2q
[
x1Gq/A(x1, Q
2)x2Gq¯/B(x2, Q
2) +
∑
q
e2q
[
x1Gq¯/A(x1, Q
2)x2Gq/B(x2, Q
2)
]
(22)
where the momentum fractions with rapidity y are x1 =
M√
s
ey, x2 =
M√
s
e−y. KDY factor of 1.5 is used to account for
the NLO correction [42].
5IV. SPACE-TIME EVALUATION
For the case of expanding plasma, we will be required to specify a proper-time dependence of the anisotropy
parameter, ξ and the hard momentum scale, phard. In our calculation, we assume an isotropic plasma is formed at
initial time τi and initial temperature Ti. The initial rapid expansion of the matter along the longitudinal direction
causes faster cooling in this direction than in the transverse direction [19] and as result, a local momentum-space
anisotropy occurs and remains until τ = τiso. In this work, we shall follow the work of ref [32, 35] to evaluate the
dilepton production rate from the first few Fermi of the plasma evolution. According to this model there can be three
possible scenarios : (i) τi = τiso, the system evolves hydrodynamically so that ξ(τ) = 0 and we can identify the hard
momentum scale with the plasma temperature so that phard(τ) = T (τ) = T0(τi/τ)
1/3, (ii)τiso →∞, the system never
comes to equilibrium, (iii)τiso ≥ τi and τiso is finite, one should devise a time evolution model for ξ(τ) and phard(τ)
which smoothly interpolates between pre-equilibrium anisotropy and hydrodynamics and we shall follow scenario (iii).
The time dependent parameters (ξ, phard), are obtained in terms of a smeared step function [35]:
λ(τ) =
1
2
(tanh[γ(τ − τiso)/τi] + 1). (23)
where the transition width, γ−1 is introduced to take into account the smooth transition between non-equilibrium
and hydrodynamical evolution at τ = τiso. It is clearly seen that for τ << τiso, we have λ → 0, corresponding to
anisotropic evolution and for τ >> τiso, λ→ 1 which corresponds to hydrodynamical evolution.
With this, the time dependence of relevant quantities are as follows [32, 35]:
phard(τ) = Ti [U(τ)/U(τi)]1/3 ,
ξ(τ) = aδ[1−λ(τ)] − 1, (24)
where U(τ) ≡ [R (aδiso − 1)]3λ(τ)/4 (aiso/a)1−δ[1−λ(τ)]/2, a ≡ τ/τi and aiso ≡ τiso/τi and R(x) = 12 ( 11+ξ + arctan√ξ√ξ ).
In the present work, we have used a free streaming interpolating model that interpolates between early-time 1 + 1
dimensional longitudinal free streaming and late-time 1 + 1 dimensional ideal hydrodynamic expansion by choosing
δ = 2.
As the colliding nuclei do have a transverse density profile, we assume that the initial temperature profile is given
by [43]
Ti(r) = Ti
[
2
(
1− r2/R2A
)]1/4
(25)
Using Eqs.(24) and (25) we obtain the profile of the hard momentum scale as
phard(τ, r) = Ti
[
2
(
1− r2/R2A
)]1/4 U¯c2s(τ). (26)
In case of isentropic expansion the initial temperature (Ti) and thermalization time (τi) can be related to the
observed particle rapidity density by the following equation [44]:
T 3i (bm)τi =
2π4
45ζ(3)
1
πR⊥
1
4ak
<
dN
dy
(bm) >, (27)
where dNdy (bm) is the hadron multiplicity for a given centrality class with maximum impact parameter bm, R⊥ is the
transverse dimension of the system, ζ(3) is the Riemann zeta function, and ak = (π
2/90)gk for a plasma of massless
u, d and s quarks and gluons, where gk = 42.25.
V. RESULTS
For central Au + Au collision at
√
SNN = 200 GeV we fix our initial conditions to be Ti = 446 MeV and τi = 0.147
fm/c for the plasma phase. For the LHC at
√
SNN = 5.5 TeV, our initial conditions are Ti = 845 MeV and τi = 0.088
fm/c.
Using the above initial conditions, we display the invariant mass distribution for RHIC (left panel) and LHC (right
panel) energies in Fig. (1). It is found that the contribution from jet-dilepton conversion in isotropic plasma dominates
over the Drell-Yan contribution up to M ∼ 2.5 GeV (see left panel). However, when anisotropy is introduced this
threshold increases to M = 3 GeV irrespective of the values of the isotropization time. For LHC energies (right panel)
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FIG. 1: Dilepton yield for central Au + Au collisions at
√
SNN = 200 GeV (left panel) and for central Pb + Pb collisions at√
SNN = 5.5 TeV (right panel).
this threshold increases up to M ∼ 10 GeV providing an expanded window at LHC where jet-conversion dilepton
could be observed when anisotropy is taken into account. The pT -distribution is shown in Fig. (2) where we find that
the effect of anisotropy at RHIC energies is substantial (increases by a factor of 4). Surprisingly, at LHC energies
the effect is not substantial. In Fig. (3) we compare the contribution from jet-dilepton conversion with the medium
dilepton [32], where fjet(p2) in Eq. (1) is replaced by fq¯/q(p2). It is found that both for the RHIC and LHC energies
at various τiso, the medium dilepton always remains below the jet-dilepton conversion in AQGP.
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FIG. 2: pT distribution of the jet-conversion dilepton, integrated in the range 0.5 < M < 1 GeV, for the RHIC (left panel)
and the LHC (right panel).
VI. SUMMARY AND DISCUSSION
In this work we have calculated the contribution of lepton pair production in high mass region from jet-plasma
interactions in AQGP. For the simplicity, (1+1)d anisotropic hydrodynamics has been used as the effect of transverse
expansion will be marginal in the early stage of the collision (note that momentum-space anisotropy is an early time
phenomenon). It is found that the threshold value of M beyond which DY process dominates over jet-conversion
dilepton increases marginally with the introduction of momentum-space anisotropy both for RHIC and LHC. However,
we do not find any appreciable change in the pT distribution at LHC energies even if the anisotropy is introduced.
We have also shows that the medium dilepton contribution always remains below the dilepton from the jet plasma
interaction. In fact, the former is less than by a factor 4 − 10 depending upon τiso and pT . Finally, in the present
calculation we have not included the energy loss of the energetic jets which we propose to report elsewhere [45]. We
are also in the process of applying (1+3)d anisotropic hydrodynamics to estimate the jet-conversion dilepton from
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FIG. 3: Collisionally broadened interpolating model dilepton yield and jet-conversion dilepton yield as a function of invariant
mass in central Au + Au collisions at
√
SNN = 200 GeV (left panel) and for central Pb + Pb collisions at
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SNN = 5.5 TeV
(right panel).
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